Abstract-This paper studies the deployment of multiple-input multiple-output (MIMO) full-duplex (FD) relaying systems in a multicell environment, where the source and destination nodes are equipped with a single antenna and communicating via a dual-hop amplify-and-forward (AF) relay station with multiple receive and transmit antennas in the presence of co-channel interference (CCI). This paper addresses the fundamental challenges of loopback selfinterference (LI) and CCI when incorporating FD relaying in cellular systems. Due to the higher frequency reuse in FD relaying compared to its half-duplex (HD) relaying counterpart, the CCI is expected to double as the FD relay station simultaneously schedule uplink and downlink transmission on the same channel. The optimal design of relay receive and transmit precoding weight vectors, which maximizes the overall signal-to-interference-plus-noise ratio (SINR) is formulated by a proper optimization problem, and then, a closed-form suboptimal solution based on null space projection is proposed. The proposed precoding vectors are based on the added receive and transmit zero-forcing (ZF) constraints used to suppress the CCI and LI, respectively. To this end, exact closed-form expressions for the outage probability and ergodic capacity are derived, where simpler lower bound expressions are also presented. In addition, the asymptotic high signal-to-noise ratio (SNR) outage probability approximation is also considered, through which the diversity order of the null space projection (ZF/ZF) scheme is found to achieve min(N R − M, N T − 1), where N R and N T are the number of relay receive and transmit antennas, respectively, and M is the number of CCI interferers. Numerical results sustained by Monte Carlo simulations show the exactness of the proposed analytical expressions, as well as the tightness of the proposed lower bound expressions. In addition, simulation results for the minimum mean square error (MMSE)/ZF scheme is also considered for comparison purposes. Our results reveal that MIMO FD relaying could substantially boost the system performance, compared to its conventional MIMO HD relaying counterpart.
coverage, connectivity, and attain higher capacity without sacrificing extra power resources. In a dual-hop relaying systems, an intermediate idle node operates as a relay between the source and destination nodes when the direct link between the source and destination is in deep fade. Two orthogonal channels are required for communications to take place in the conventional dual-hop one-way relaying networks. As a result, a significant loss of spectrum efficiency is incurred because of the inherent half-duplex (HD) relaying transmission constraint at the relay, where time-division duplex or frequency-division duplex is used by the conventional wireless communication systems to operate in out-of-band full-duplex (FD) (half-duplex). Recently, FD relaying, also known as in-band FD, has received a lot of research interest because of its potential to double spectral efficiency (e.g., [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ). This is due to the fact that FD relays receive and retransmit its information at the same time over the same frequency. Hence, efficiently utilizing the spectrum resources of the system. However, the main limitation of FD relaying is the loopback self-interference (LI) caused by the signal leakage from the relay's transmission to its own reception, namely, the large power differences between the LI (power transmitted from the FD relay) and the FD relay received signal (which is much weaker than the transmitted signal due to path loss and fading), exceeds the dynamic range of the analog-to-digital converter. Therefore, LI mitigation and cancellation is vital in the implementation of FD relaying operation [1] [2] [3] [4] [5] [6] , [15] .
Linking multiple-input-multiple-output (MIMO) techniques with FD relaying systems provide a powerful capability of suppressing LI in the spatial domain and can offer higher capacity when compared to its MIMO HD relaying counterpart (see, e.g., [10] , [11] , [16] , and [17] ). Therefore, in the presence of MIMO FD relaying systems, joint optimization by decoding and precoding at the receiver and transmitter, respectively, can be used to mitigate the LI effects at the relay. Due to its implementation simplicity and mathematical tractability, zero-forcing (ZF) technique is utilized to completely cancel out the LI interference and disconnect the closed-loop between the relay's transmission and reception. Numerous papers have studied the spatial LI mitigation problem, for instance, ZF precoding and decoding vectors based on the conventional singular value decomposition (SVD) of the LI channel is proposed in [10] and [16] to null out the LI at the relay, where [10] presented different spatial LI suppression techniques, namely, antenna selection, beam selection, and null space projection. In addition, a low-complexity joint precoding/decoding design for maximizing the overall signalto-noise ratio (SNR) is investigated in [11] , where a closed-form overall SNR is derived. More specifically, both receive ZF precoding with maximum-ratio transmission (MRT) scheme, and maximal-ratio combining (MRC) with transmit ZF scheme have been presented. More recently, a massive receive antenna array or a massive transmit antenna array is used to significantly reduce the LI effect is introduced in [9] , where ZF/ZF scheme or MRC/MRT scheme is used at the FD relay. Different optimization problems which maximizes the overall SNR of MIMO FD relaying are instigated in [18] . Ahmed et al. [19] analyzed the performance of MIMO FD relaying, when null space projection via SVD is used to mitigate the LI interference. In [20] , the degrees of freedom of bidirectional interference network is considered by utilizing interference alignment, assuming that the LI is known to the receiver and therefore can be subtracted off completely. However, to the best of our knowledge, the impact of co-channel interference (CCI) 1 on the performance of MIMO FD relaying has yet to be investigated.
Due to the aggressive frequency reuse in the conventional HD cellular relaying systems, the impact of CCI on the system performance has been extensively studied in the literature (see, e.g., [21] [22] [23] ). However, FD cellular relaying systems are more vulnerable to CCI owing to the higher frequency reuse compared to its traditional HD relaying counterpart. For instance, in a multicell environment with FD relay base stations and HD users, a much higher CCI is seen from adjacent cells as compared to its HD counterpart [2] , [24] [25] [26] . Therefore, analyzing the detrimental effect of CCI on the performance of MIMO FD relaying transmission is of theoretical and practical importance. In [26] and [25] , the performance analysis of FD relaying subject to CCI have been investigated, namely, the outage probability of a decode-and-forward FD relay with single antenna nodes have been presented. In [24] , the average spectral efficiency of a stochastic geometry small cell network, where the base stations and user equipments operate in FD mode (i.e., nodes have dedicated antennas for transmission and reception) is investigated. It is to be emphasized that all these works are limited to single antenna nodes. However, the deployment of multiple receive and transmit antennas at the FD relay not only improve reliability and increase capacity, it yields a powerful technique for suppressing both the CCI and LI channels at the FD relay.
Motivated by the above mentioned limitations, this paper investigates the impact of CCI on the performance of MIMO amplify-and-forward (AF) FD relaying systems with ZF/ZF scheme, where its performance is compared against simulation results for the minimum mean square error (MMSE)/ZF scheme.
The main contributions of this paper are summarized as follows.
1) The optimization problem for the design of relay receive and transmit precoding weight vectors that maximizes the overall signal-to-interference-plus-noise ratio (SINR) is formulated, then a suboptimal solution based on the added 1 The frequency reuse deployment to enhance the spectrum efficiency of wireless systems cause the harmful effect of CCI in the HD multicell environment case, where a greater frequency reuse is seen in the FD multicell environment case, which causes the challenge of doubling CCI in the neighboring cells. receive and transmit ZF (null space projection) constraints is proposed, through which a suboptimal precoding and decoding weight vectors are presented. The receive and transmit ZF precoding weight vectors (ZF/ZF scheme) are designed as follows; the receive ZF weight vector is designed to suppress the CCI, while the transmit ZF weight vector is designed to null out the LI. 2) A new exact closed-form expression for the outage probability of MIMO FD relaying systems with CCI is presented for the derived overall SINR, where ZF/ZF scheme is applied. In addition, a simpler tight closed-form lowerbound outage probability expression is also included. Besides, the asymptotic analysis of the system under consideration is also studied, where the characterization of high SNR outage probability show that the achievable diversity order is min(N R − M, N T − 1), where N R and N T are the number of relay receive and transmit antennas, respectively, and M is the number of CCI interferers. 3) A new exact closed-form ergodic capacity expression is derived for the proposed overall SINR, where a simpler tight closed-form lower-bound ergodic capacity expression is also presented. The structure of the rest of the paper is as follows. In Section II, we introduce the system model. In Section III, the instantaneous overall SNR is addressed. In Section IV, the outage probability analysis is considered. In Section V, the ergodic capacity analysis is investigated. The MMSE/ZF scheme is introduced in Section VI. Numerical results are provided in Section VII. Finally, Section VIII concludes the paper.
II. SYSTEM MODEL
We consider a MIMO FD AF relaying system, where a single antenna source S is communicating with a single antenna destination D through a multiantenna FD relay R with N R receiving antennas and N T transmitting antennas, where the relay is subject to LI in addition to M CCI, as depicted in Fig. 1 . Throughout this paper, the following assumptions are considered.
1) As our main focus on this paper is on network coverage extension (see, e.g., [18] , [21] , [27] , and [28] ), it is assumed that the source does not have a direct link to the destination due to heavy path loss and shadowing.
2) A single MIMO FD AF relay is considered, where the FD relay receive and retransmit its information at the same time over the same frequency. 3) It is also assumed that the relay suffers M CCI interferers in addition to additive white Gaussian noise (AWGN), while the destination is corrupted by AWGN. The practical justification of such an assumption is that two mobile users which are far from the cell edge exchange information with the aid of a relay that is close to the cell edge. 3 4) Channels are modeled as quasi-static block flat fading and remain constant over the block time T , and varies independently and identically from one block to the next. The source → relay (S → R) channel h 1 with N R × 1 vector, the relay → destination (R → D) channel h 2 with N T × 1 vector, the relay → relay (R → R) residual LI channel H R , which models the resultant error due to imperfect LI mitigation performed by antennas isolation, and analog and digital cancellation at the FD relay, the ith interferer channel at the relay g i with N R × 1 vector are modeled by independent Rayleigh fading with entries follow independent and identically distributed random variables (RV) (i.i.d.) with CN (0, 1). Full channel state information (CSI) of the S → R channel h 1 , the R → D channel h 2 , the R → R residual LI channel H R , and the ith interferer channel g i with i = 1, . . . , M are assumed to be available at the relay for the ZF/ZF scheme to be implemented. 5) In order to completely eliminate the CCI channel at the relay, the number of relay receive antennas is assumed to be greater than the number of interferers (i.e., N R > M). This is a necessary condition for the deployment of receive ZF scheme. 4 Similarly, in order to completely eliminate the LI channel at the relay, the number of relay transmit antennas is supposed to be larger than one (i.e., N T > 1). This is an essential condition for ensuring the feasibility of transmit ZF scheme.
III. INSTANTANEOUS OVERALL SIGNAL-TO-NOISE RATIO
The received signal at the relay after the receive precoding vector can be written as
where x S is the source information signal with average power
, with E(·) denotes the expectation operator, (·) denotes the conjugate operator, x R is the relay signal with average power E R = E[x R x R ], x i is the ith interferer signal at the relay with average power
vector which denotes the AWGN at the relay, distributed according to n R ∼ CN (0, σ 2 R I N R ), w R is the receive beamforming weight vector, and (·) † denotes the conjugate transpose operator.
T , with (·) T denotes the transpose operator.
The received signal at the destination can be written as
where w T is the transmit beamforming weight vector, and n D is the AWGN at the destination and distributed according to (1) and (2), the S → R SINR and R → D SNR (respectively) can be obtained as
and
where
where γ 1 is the first-hop SNR given in (3) and γ 2 is the secondhop SNR given in (4). Our objective is to find an optimal transmit and receive precoding vectors, {w T , w R } so that the overall SINR in (5) is maximized. Therefore, the optimization problem may be formulated as
It is well known that in the absence of interference, MRC at the receiver and MRT at the transmitter are optimal precoding schemes as they result in the maximum overall SINR. However, due to the aggressive frequency reuse in FD relaying systems, through which a higher and deleterious effect of CCI is seen as it is expected to double compared to its conventional HD relaying counterpart [2] , MRC and MRT are suboptimal as they treat the interference as additive noise. Therefore, the presence of CCI can severely deteriorate the performance of FD relaying systems, and its mitigation is of theoretical and practical interest. Owing to the complexity of the optimization problem in (6), the optimal receive and transmit precoding vectors at the MIMO FD relay are nontrivial to solve in closed-form. Therefore, as far as a closed-form simple analytically tractable overall SINR is concern, a suboptimal solution is found by adding a receive and transmit ZF constraints to the optimization problem in (6). 5 These constraints force the loopback self and co-channel interference terms at the MIMO FD relay to zero, i.e., w † R H R w T = 0 and w † R G = 0, assuming that N R > M and N T > 1. To this end, due to the separability of the resultant constraint problem, the optimization problem could be separated into two simpler problems as follows:
w † R G = 0 and w R = 1
Proposition 1: The optimal solution to the constraint optimization problems in (7) and (8) are, respectively, derived as
Proof: The proof is given in Appendix A. Therefore, the overall SINR of MIMO FD relaying with CCI utilizing null-space projection (ZF/ZF scheme) can be derived as
where γ
2 . Note that the matrices P and B are idempotent orthogonal projection (null-space projection) matrices (all their eigenvalues are either one or zero, where the number of ones is determined by the rank of the matrix 6 ) which are used to eliminate the CCI and LI channel, respectively. For instance, in the case of idempotent orthogonal projection matrix P , we have tr(P ) = rank(P ) because of idempotency, where tr(·) denotes the trace operation. Hence, we have
It can be easily shown that rank(
Therefore, the vector P h 1 has the same statistics as h 1 with dimensionality reduced by the number of interferers M , and 5 It is to be emphasized that the asymptotic results of the ZF scheme is optimal, i.e., the ZF scheme is optimal in the high INR regime. This is proved through simulation results of the MMSE/ZF scheme presented in Section VI. 6 It is well known that the rank of an M × N matrix A is rank(A) ≤ min(M, N ), where equality holds if and only if A is full rank.
hence, P h 1 ∼ CN (0, I N R −M ). Similarly, it can be shown that the vector Bh 2 has the same statistics as h 2 with dimensionality reduced by one (i.e., rank(B) = N T − rank(H † R P h 1 ), where rank(H † R P h 1 ) = 1). Hence, Bh 2 ∼ CN (0, I N T −1 ). More specifically, the probability density function (pdf) of P h 1 2 and Bh 2 2 are given as
IV. OUTAGE PROBABILITY ANALYSIS
In this section, the information outage probability of MIMO FD relaying systems with null space projection (ZF/ZF scheme) is investigated. An exact as well as a simpler lower-bound expression for the outage probability are derived in closed-form, where the asymptotic high SNR regime is also included, through which the achievable diversity order is obtained. The outage probability is defined as the probability that the instantaneous mutual information I = log 2 (1 + γ ZF/ZF ) falls below a target rate of R 0 bits per channel use
where are, respectively, given as
A. Exact Outage Probability
The cdf of the overall SINR γ ZF/ZF can be derived as [28,
The exact outage probability of the overall SINR γ ZF/ZF for MIMO FD relaying systems with M CCI and receive and transmit ZF scheme, can be derived as in (17) , shown at the bottom of the next page, where K v (z) is the modified bessel function of the second kind of order v.
Proof: The proof is given in Appendix B.
B. Lower Bound Outage Probability
Note that though proposition 2 provides an efficient means for analyzing the exact outage probability of the system, this formula is quite complicated as it does not provide simple insights onto the performance analysis of the system. Therefore, in order to gain a better insights onto the performance analysis of the system. The overall SINR in (11) can be tightly upper bounded by
Therefore, the lower-bound outage probability expression of the overall SINR γ ZF/ZF (exact for the outage probability of the overall SINR upper-bound γ ZF/ZF up ) for the MIMO FD relaying system with ZF/ZF scheme can be expressed as
. (19) Proof: The proof is given in Appendix C. Next, the lower bound outage probability expression (19) is then used to derive the asymptotic outage probability of MIMO FD relaying systems with ZF/ZF scheme.
1) Asymptotic Analysis:
To validate and characterize the achievable diversity order of the MIMO FD relaying systems with CCI and ZF/ZF scheme at the AF relay, we approximate (19) in the asymptotic high SNR regime assuming γ 2 = κγ 1 , with κ denotes a finite constant number and γ 1 → ∞. Hence, the asymptotic outage probability of the overall SINR γ ZF/ZF can be expressed as
Proof: The proof is given in Appendix D. 8 Note that in order to simplify the mathematical tractability as to gain a better insights onto the performance analysis of the system, it is well known in the conventional HD relaying literature that the overall SNR γ = γ 1 γ 2 γ 1 + γ 2 + 1 can be tightly upper bounded by
(see, e.g., [29, eq. (6) ]). In addition, the upper bound
can be further upper bounded by min(γ 1 , γ 2 ) (see, e.g., [22, eq. (8) ]). It is to be emphasized that the asymptotic results of these bounds are exact. Equation (20) can be further simplified as in
It is straightforward to show from (21) that the achievable diversity order of the MIMO FD relaying systems with ZF/ZF scheme is min(N R − M, N T − 1).
V. ERGODIC CAPACITY ANALYSIS
The capacity analysis is an important performance measure for any wireless communication system as it results in the maximum achievable rate. In this section, we present a rigorous investigation on the ergodic capacity of MIMO FD-AF relaying systems with ZF/ZF scheme. The ergodic capacity is defined as the expected value of the instantaneous mutual information between the source and destination and is given by
In order to reduce the required computational complexity, we rely on the following lemma to transform (22) into a more convenient form which facilitates the calculation of the required average by using known results of moment generating functions (MGFs). 
where (24) where i ∈ {1, 2}, N 1 = N R − M, and N 2 = N T − 1.
Proposition 4: The exact closed-form ergodic capacity expression of the overall SINR γ ZF/ZF for the MIMO FD relaying systems with M CCI interferers and ZF/ZF scheme at the AF relay can be written as [32] .
Proof: The proof is given in Appendix E. Note that in the special case when γ 1 = γ 2 = γ, from (47) and with the help of [31, Eq. (9.211.4)], the ergodic capacity expression can be simplified to
where Ψ(α, γ; z) is the Tricomi confluent hypergeometric function of the second kind.
A. Lower-Bound Ergodic Capacity
In order to find a simpler closed-form lower-bound of the ergodic capacity (22) , let us first rewrite (22) in a simpler alternative form as follows:
where C 
Therefore, a simpler closed-form lower-bound expression for the ergodic capacity (22) can be expressed as in
where E n (·) is the exponential integral function [33, Eq. (5.
1.4)].
Proof: The proof is given in Appendix F.
VI. MINIMUM MEAN SQUARE ERROR/ZERO FORCING SCHEME
It is well known that the ZF scheme completely eliminates the CCI interferers and hence produces noise amplification at low interference-to-noise ratio (INR). Meanwhile, MMSE yields an optimum tradeoff between CCI suppression and noise amplification. Note here that the MMSE scheme requires the knowledge of σ 2 R in addition to the full CSI that ZF requires (i.e., in addition to h 1 , h 2 , H R , and g i with i = 1, . . . , M). For simplicity, it is assumed that the interferer signals have the same average power
Hence, according to [21] , the MMSE combiner is given as
. Therefore, the overall SINR of MIMO FD relaying with CCI utilizing MMSE/ZF scheme can be expressed as
I N R , and γ ZF 2 = γ 2 Bh 2 2 . It is to be emphasized that analyzing the performance of the overall SINR of MMSE/ZF scheme in (30) is much more complicated than that of the overall SINR of ZF/ZF scheme in (11) . Therefore, only simulation results for the outage probability and ergodic capacity are presented here for comparison purposes.
VII. NUMERICAL RESULTS
In this section, we analyze and validate the presented theoretical results with Monte Carlo simulations. In addition, the impact of key system parameters on the outage probability and ergodic capacity are investigated. Without loss of generality, a symmetric settings of per-hop SNR is assumed, i.e., γ 1 = γ 2 . In addition, the source transmission rate is set to R 0 = 2 b/s/Hz. Hence, the predefined SNR threshold is given by 9 of (13) is used to validate the new closed-form exact and lowerbound analytical expressions in (17) and (19), respectively. It is seen that the simulation and proposed analytical expression in (17) provide a perfect match which corroborate the exactness of the proposed exact closed-form analytical expression. In addition, the tightness of the proposed lower-bound analytical expression in (19) is also verified, where it becomes exact at high SNR. Our analysis reveals an interesting observation which is beneficial for designing a system. The achievable diversity orders in Fig. 2 , which is given by min(N R − M, N T − 1), are one and three. As a result, it is clearly seen that for fixed M , increasing N R and N T yields a significant outage probability improvement due to the increase in diversity order. It is also seen that the outage probability of MMSE/ZF scheme become closer to that of the ZF/ZF scheme as the INR ρ I gets higher. Fig. 3 shows the outage probability for different antenna configurations and number of interferers. It is seen that the diversity order has a higher impact on the outage probability improvement compared to the case of array gain. For instance, the settings (2, 2, 1) and (4, 2, 1) have the same diversity order of one. However, the latter has slightly superior performance as a result of higher array gain. Meanwhile, the settings (2, 2, 1) and (4, 4, 1) have a diversity order of one and three, respectively. Consequently, the latter enjoys a significant outage performance improvement. Note that in the case of equal per-hop SNR, i.e., γ 1 = γ 2 , system settings with the same diversity order and array gain (degrees of freedom) have the same performance. For example, (4, 2, 1) and (4, 4, 3) have the same outage performance. Therefore, for superior system performance, a system designer has to carefully select N R and N T to gain the highest possible diversity order, i.e., choosing N R and N T such that In Fig. 4 , a comparison between the outage probability of MIMO FD and HD relaying systems is presented. We refer to the so-called RF chain preserved condition, where the number of HD relay antennas is N = N R + N T . In addition, it is assumed here, as stated in [2] , that the number of interferers in FD systems is doubled compared to its HD systems counterpart. It is seen that the outage probability of FD relaying mode outperforms that of the HD relaying mode at low SNR. However, at high SNR, the outage probability of HD relaying mode is superior to that of the FD relaying mode. The detrimental effect of the number of interferers on the outage probability performance of FD relaying is clearly observed. Therefore, a hybrid MIMO FD/HD relaying mode may be recommended for superior system performance, where a simple suboptimal mode selection algorithm could be that in the case of low diversity order, high SNR, or high number of interferers M , the system is switched to the HD mode; otherwise, it works in the FD mode. The outage probability outperform region of FD relaying can be derived by solving P FD out (R 0 ) − P HD out (R 0 ) ≤ 0. Note that the outage probability expression for a hybrid relaying mode that switches to the appropriate mode according to the instantaneous CSI is given by 
is the overall SINR in the case of FD relaying mode, defined in (11) , and γ HD = γ ZF is the overall SINR in the case of HD relaying mode, given in [21, Eq. (8)].
Fig . 5 shows the ergodic capacity of MIMO FD relaying with ZF/ZF and MMSE/ZF schemes against the first-hop SNR for fixed M CCI interferers with weak (ρ I = 0 dB) and strong interferers (ρ I = 20 dB). Monte Carlo simulations of (22) is used to validate the new closed-form exact and lower-bound analytical expressions in (25) and (29), respectively. It is seen that the simulation and proposed analytical expression in (25) provide a perfect match which corroborate the exactness of the proposed exact closed-form analytical expression. In addition, the tightness of the proposed lower bound analytical expression in (29) is also verified, where it is shown to improve as N R and N T increase. It is clearly observed that for fixed M , increasing N R and N T results in a superior ergodic capacity improvement, owing to the increase in diversity order. It is also observed that the ergodic capacity of the MMSE/ZF scheme becomes closer to that of the ZF/ZF scheme as ρ I gets higher.
In Fig. 6 , the ergodic capacity for different antenna configurations and number of interferers is presented. It is seen that in system settings with equal diversity order, a slight ergodic capacity improvement is observed as a result of higher array gain. However, a significant ergodic capacity improvement is seen as a result of higher diversity order. Note that similarly to Fig. 3 , the settings (4, 2, 1) and (4, 4, 3) have the same ergodic capacity as they have the same number of overall equivalent antennas. Likewise, for superior system performance, N R and N T should be chosen to gain the highest possible diversity order. Fig. 7 shows a comparison between the ergodic capacity of MIMO FD and HD relaying systems. It is observed that at low diversity order, the ergodic capacity of FD relaying mode is superior to that of the HD relaying mode at high SNR. However, at low SNR, the ergodic capacity of HD relaying mode outperforms that of the FD relaying mode. The detrimental effect of the number of interferers on the ergodic capacity performance of FD relaying is clearly seen. Meanwhile, at high diversity order, i.e., high min(N R − M, N T − 1), the performance of FD relaying mode is superior to its HD relaying counterpart at all SNR values. To validate this, let us assume that we have N R + N T = 26 antennas and M = 10 CCI at the FD relay, allocated according to the settings (12, 14, 10) and (18, 8, 10) . Evidently, the latter outperforms the HD relaying mode at all SNR values, owing to the high achievable diversity order of 7, while the former is superior to the HD relaying mode at high SNR due to the low achievable diversity order of 2. Therefore, for systems with low diversity order, a hybrid MIMO FD/HD relaying mode is recommended for superior system performance, where a simple sub-optimal mode selection scheme is that at low SNR, the system is switched to the HD relaying mode; otherwise, it works in the FD relaying mode. The ergodic capacity outperform region of FD relaying can be derived by solving C FD − C HD ≥ 0. Note that a hybrid relaying mode which switches to the appropriate mode according to the instantaneous CSI is expressed as 11 [27]
Therefore, according to the instantaneous CSI which assumed constant at any given coherence time, the FD relaying mode outperforms the HD relaying mode iff γ FD > γ HD + 1 − 1; otherwise, the opposite is true.
VIII. CONCLUSION
In this paper, the performance of MIMO FD relaying systems with CCI is investigated, where the ZF/ZF scheme is applied at the AF relay to suppress the CCI and LI. Our analysis achieved closed-form results, through which several interesting system insights have been revealed. Exact and tight lower-bound analytical expressions for the outage probability and ergodic capacity were derived in closed-form. In addition, the asymptotic high SNR outage probability is also included to unveil the achievable diversity order of the system. These expressions provide an efficient means for the evaluation of the outage probability and ergodic capacity of MIMO FD relaying systems with CCI. Therefore, without resorting to the time consuming Monte Carlo simulations, the impact of key system parameters such as the number of relay receive and transmit antennas, the number of interferers, and the source transmit power on the system performance are investigated. It is observed that the performances of the MMSE/ZF scheme and ZF/ZF scheme coincide in the asymptotically high INR regime. Our analysis reveals that although the number of CCI is doubled in FD relaying systems 11 Note that as far as a closed-form ergodic capacity expression is concerned, the analysis of such hybrid relaying mode is a challenging mathematical problem due to the presence of correlation between γ H D and γ F D . 
The required solution may be expressed in the form w = P x P x , where both constraints are included in the desired form, namely, the projection matrix P which assures that w ⊥ H (owing to the fact that w † H = 0), hence, P = I − H(H † H) −1 H † , and the division by P x assures that the norm of w equals one w = 1. Note that the maximization problem is now over x instead of w. Hence, (33) can be rewritten as
Therefore, once differentiating (34) with respect to x and equating the result to zero, we get
It is easily seen that the optimal solution for the vector x is 12 x = h. Hence, the optimal weight vector to (33) can be expressed as
Note that similar results have been derived in [35, Prop. 1] .
From (7), based on the optimal solution given in (36) , it is straight forward to show that w R = P h 1 P h 1 is the optimal solution to the constraint problem in (7), where P is an idempotent projection matrix which assures that w R ⊥ G (due to w † R G = 0), and
Note that P h 1 ⊥ (I − P )h 1 , where P 2 = P and P † = P . Meanwhile, from (8) , it is easy to show that w T = Bh 2 Bh 2 is the optimal solution to the constraint problem in (8) , where B is an idempotent projection matrix which assures that w T ⊥ H † R P h 1 (due to w † R H R w T = 0, where w R is already derived above), and
From (16), the cdf of the overall SINR γ ZF/ZF is given as
Now, with the help of the cdf and pdf of the RVs γ ZF 1 and γ ZF 2 defined in (14) and (15), we arrive at
After some tedious mathematical manipulations, (38) can be expressed as
Therefore, once applying the binomial expansions
To this end, the integral I 1 is solved by utilizing [31, Eq. (3.471.9)], which upon substituting I 1 into (40), results in (17) , which concludes the proof.
APPENDIX C PROOF OF EQUATION (19)
From the overall SINR upper bound (18), we have .
Similarly, we have
Substituting (43) and (44) into (19) yields (20) , which concludes the proof.
APPENDIX E PROOF OF PROPOSITION 4
To get a closed-form solution to (23) , it is more convenient to use an alternative form for the MGF expressions given in (24) . Hence, with the help of the CDF of γ ZF i in (14) and (15), an alternative form for the MGF in (24) can be derived as Therefore, from (22) and (23), the ergodic capacity may be defined as 
The integral I 2 in (47) can be simplified to 
Note that in order to attain a closed-form expression to the integral in (50), the alternative form for the MGF of γ 
